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Brain water and electrolyte metabolism in uremia: Effects of
slow and rapid hemodialysis. To evaluate the mechanism(s) of
dialysis disequilibrium syndrome, measurements of pH and
in cerebrospinal fluid (CSF) and plasma, and of sodium,
potassium, calcium, urea, creatinine, water content and osmo-
lality in brain, CSF, and plasma were made in seven groups of
dogs, including normal and uremic animals and uremic dogs
treated with slow or rapid hemodialysis. After the induction of
uremia, both osmolality and urea concentration increased by a
similar amount in plasma, CSF and brain. Both slow and rapid
hemodialysis lowered the concentration of urea in plasma, CSF
and brain by an approximately similar magnitude and were
associated with a significant rise in CSF pressure. In the dogs
treated with rapid hemodialysis, seizures and cerebral edema
occurred, pH of CSF fell, and there was a significant osmotic
gradient between brain and blood which was not due to changes
in the concentration of Na+, K+, CP or urea in brain. When
osmolality of dialysate was equated to that of plasma by the
addition of either urea or sodium chloride, brain osmolality
was also significantly higher than that of plasma at the end of
rapid hemodialysis. Water content of brain increased in animals
treated with high urea dialysate while in dogs treated with high
NaCI dialysate, a significant increase in brain content of Na
occurred. Our data suggest that rapid hemodialysis in uremic
animals is associated with a fall in pH of the CSF and accumula-
tion of idiogenic osmoles in the brain, resulting in an osmotic
gradient between brain and plasma which causes cerebral edema,
increased intracranial pressure and seizures.
Métabolisme cérébral de l'eau et des electrolytes dans l'urémie:
Effets de l'hémodialyse rapide et lente. Afin d'Ctudier Ic (ou les)
mécanisme(s) du syndrome de dCséquilibre de Ia dialyse, Ic pH
et Ia Pco2 du LCR et du plasma, Ic Nat, Ic K, Ic C1, l'urée, Ia
crCatinine, Ic contenue en eau et l'osmolalitC du cerveau, du
LCR et du plasma ont etC déterminCs dans sept groupes de
chiens qui comprenaient des animaux normaux, des animaux
urCmiques et des animaux urCmiques traitCs par hCmodialyse
soit lente soit rapide. AprCs l'induction de l'urdmie l'osmolalitC
et Ia concentration d'urée ont augmentC d'une quantitC scm-
blable dans Ic plasma, Ic LCR et le cerveau. La diminution de
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l'urée du plasma, du LCR et du cerveau et l'augmentation
significative de Ia pression du LCR ont été semblables que
l'hCmodialyse soit lente ou rapide. Chez les chiens traités par
hCmodialyse rapide des crises convulsives sont apparues et un
ocdCme cerebral a Cté constatC, Ic pH du LCR a diminué et il y
avait un gradient osmotique significatif entre Ic cerveau et Ic
sang qui n'Ctait pas du aux modifications de Na+, K+, Cl- ou
de l'urée du cerveau. Quand l'osmolalitC du dialysat a etC rendue
Cgale a celle du plasma, par addition d'urCe ou de NaCI, l'osmo-
lalitC cérébrale a Cte aussi significativement supérieure a celle du
plasma a Ia fin de l'hémodialyse rapide. Le contenu en eau du
cerveau a augmenté chez les animaux traités avec un dialysat
riche en urée cependant que chez les animaux traités avec un
dialysat riche en NaCl une augmentation significative du con-
tenu cCrCbral en Na est survenue. Nos rCsultats suggCrent que
l'hCmodialyse rapide des animaux urémiques est associée a une
diminution du pH du LCR et a l'accumulation de substances
osmotiquement actives dans Ic cerveau, cc qui crCe un gradient
osmotique entre le cerveau et le plasma, lequel entraine un
oedCme cCrCbral, une augmentation de Ia pression intracranienne
et des crises convulsives.
Among the complications of the treatment of renal
failure with hemodialysis is the dialysis disequilibrium syn-
drome which may develop after rapid hemodialysis [1].
Since many of the major manifestations of this syndrome
are neurological and include headache, nausea, lethargy,
seizures, coma and abnormal electroencephalogram [2—4],
it has been suggested that rapid hemodialysis may induce
increased intracranial pressure and cerebral edema which
may be responsible for these symptoms [5].
During rapid hemodialysis, both in uremic man and
experimental animals, the rate of fall of urea concentration
in cerebrospinal fluid (CSF) lags behind the decrease in the
concentration of urea in plasma [4, 6, 7]; this phenomenon
creates an osmotic gradient between the two compartments
with a movement of fluid from plasma into CSF and is
associated with a rise in CSF pressure [6, 8]. These ob-
servations had led to the postulate that during rapid
hemodialysis, a similar phenomenon may be responsible
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for movement of water from plasma into brain causing
cerebral edema [5, 9]. This so-called "reverse urea effect"
is the most commonly accepted explanation for the etiology
of the dialysis disequilibrium syndrome.
Pappius, Oh and Dossetor measured the concentration
of urea in plasma and brain of uren-iic dogs at the end of
60 minutes of hemodialysis [7]. Calculations from Figs. 2
and 3 of their article indicate that a mean urea gradient
of 12 mmoles/kg of H20 was present between the cerebral
cortex and plasma, and these authors attributed the swell-
ing of the brain in the majority of their animals to this
osmotic gradient. However, data from our laboratory [10],
as well as that of Stern and Coxon [11], have shown that
a significant change in water content of brain occurs only
when the plasma osmolality is acutely altered by at least
35 mOsm/kg of H2O. It seems, therefore, that the small
urea gradient found in the studies of Pappius et a! cannot
account for the observed brain swelling. Furthermore,
Wakim, Johnson and Klass [12] did not find a difference
between the urea concentration of brain and plasma after
rapid hemodialysis of uremic animals. Thus, it is possible
that other osmotically active substances may be present in
brain at the end of dialysis and account for the observed
brain swelling.
Wakim [13] suggested that hyponatremia is the cause
of the dialysis disequilibrium syndrome, and he presented
data to support his hypothesis. He induced in dogs a syn-
drome similar to dialysis disequlibrium after lowering the
concentration of sodium in plasma to about 70 mEq/liter
by dialysis with dialysate containing 30 mEq/liter of Nat
In the clinical setting, dialysis disequilibrium syndrome
occurs in uremic patients who are treated with dialysate
containing at least 130 mEq/liter of Nat; it seems unlikely
that profound hyponatremia of the degree reported by
Wakim could develop in such patients.
Several investigators have reported data suggesting that
the dialysis disequilibrium syndrome could be prevented
by the use of dialysate fluid containing urea in a concen-
tration similar to that in blood [12, 14], or a high concen-
tration of sodium chloride [15]. The biochemical changes in
brain during such dialytic procedures are not known.
We undertook to evaluate the possible mechanisms
underlying the development of dialysis disequilibrium syn-
drome in an experimental model.
Methods
We studied 7 groups of mongrel dogs of both sexes,
weighing 14 to 21 kg. They included 1) 10 normal dogs;
2) 8 animals with uremia of 3 days' duration; 3) 6 uremic
animals treated with slow hemodialysis, 4) 6 uremic dogs
treated with rapid hemodialysis, 5) and 6) 8 uremic dogs
treated with rapid hemodialysis when the osmolality of the
dialysate solution was equated to that of plasma by adding
either urea (4 dogs), or a larger quantity of NaCI (4 dogs);
and 7) 3 normal dogs treated with hemodialysis.
Uremia was induced by bilateral ureteral ligation, and
studies were performed on all dogs 3 days later. In prelimi-
nary experiments dialysis of 100 minutes' duration with
a blood flow rate of 12 mI/kg/mm always resulted in eleva-
tion of the CSF pressure and a visible bulging of the brain
through a trephine opening in the skull, and when the skull
was not opened in 3 animals dialyzed in the above manner,
grand mal seizures developed. The seizure activity was
alleviated after a trephine opening was made in the skull.
We have called this procedure rapid hemodialysis. The
development of gross brain swelling, elevated CSF pressure
and grand ma! seizures occurred only in animals treated
with rapid hemodialysis and has been designated as ex-
perimental dialysis disequilibrium syndrome. Dialysis of
200 minutes with a blood flow rate of 5 mI/kg/mm (slow
hemodialysis) was found to lower plasma urea and creati-
nine concentrations by a similar amount as did rapid
hemodialysis, but seizure activity was not observed. Al-
though CSF pressure became elevated following slow hemo-
dialysis, brain swelling was not observed. The dialysate
flow was 500 mI/mm in all studies. The concentration of
electrolytes, expressed in mEq/liter, in the dialysate was
134 for Na, 2.6 for K, 2.5 for Cat, 1.5 for Mg, 104 for
Cl- and 37 for acetate, with 11.1 mmoles/liter of glucose
and osmolality of 290 mOsm/liter. In all experiments the
dog was anesthetized with pentobarbital, and ventilation
was controlled with a Harvard respirator at a stroke
volume of 8 mI/kg and a rate of 25 strokes/mm. Minor
adjustments in the stroke volume were required to obtain
and maintain a P02 of about 35 mm Hg. An arterio-
venous shunt was inserted in the femoral artery and vein.
Dialysis was done with a twin-coil RSP unit (Travenol),
using a pediatric coil (Ultra-Flow 60), which was primed
with 150 ml of 0.9% NaCI. Arterial pressure was moni-
tored throughout the experiment with an aneroid mano-
meter. Fluid losses during the dialyses were estimated
according to the mean ultrafiltration characteristics of the
coil [16], and these losses were quantitatively replaced by
continual infusions of normal saline solution. Before and
at the end of the dialysis procedure, and in all normal and
uremic animals which were not treated with dialysis,
specimens of cisternal CSF and arterial blood were ob-
tained for measurement of the concentration or value of
the following: Na, K+, C1, urea, creatinine, glucose,
osmolality, pH, Pc02 and bicarbonate; CSF pressure was
measured with a saline manometer. Although arterial P02
was not measured in the animals studied, P02 was deter-
mined in another 6 normal and 6 uremic dogs, and in
4 dogs treated with slow and 4 managed with rapid hemo-
dialysis.
Determination of pH, co2 and bicarbonate concentra-
tion of CSF was done as follows: cisternal puncture was
performed with a 22 G needle attached to polyethylene
tubing, to which a 1.0-mi silicon ized glass syringe was
attached via a 3-way stopcock. Specimens of CSF were
obtained anaerobically, and the pH and Pco2 were im-
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mediately determined on a blood microsystem acid-base
analyzer (BMS 3-PHM 71 Radiometer-Copenhagen). The
CSF bicarbonate concentration was calculated from tables
derived by Ponten [17]. The arterial pH and P02 were
determined in a similar manner to that of CSF, P02 was
measured on the same apparatus, and arterial bicarbonate
concentration was calculated from the Siggard-Andersen
alignment nomogram (1962). Body temperature was mea-
sured rectally with a thermometer and maintained at 37°C,
and where necessary, the pH was corrected to 37°C [18].
Urea and creatinine concentrations were determined by an
autoanalyzer technique (Technicon), Na and K concen-
trations by flame photometer (Instrumentation Labora-
tories), Cl concentration by potentiometric titration
(Buchier choridometer), osmolality by freezingpoint de-
pression in an osmometer (Fiske Instruments), and glucose
concentration by 0-toluidine [19]. At the end of the
dialysis, and in all animals which were not dialyzed, the
top of the skull was carefully removed with a trephine and
rongeur, leaving the dura mater intact. Absorbable gelatin
sponges (Gelfoam) and bone wax were used to insure
hemostasis; a hook and scissors were used to raise and
cut off the dura matter. Then, in rapid sequence, the pre-
viously exposed common carotid arteries were occluded
with umbilical tape, and the cerebral hemispheres were
scooped out with a spatula. Half of one cerebral hemisphere
was immersed in liquid nitrogen and used for determination
of osmolality. A portion of this frozen tissue, which was
mostly gray matter, was pulverized to powder in a mortar
filled with liquid nitrogen. Five samples, each weighing
about 0.4 g, were quickly placed in tared weighing bottles
containing 2 ml of boiling distilled H20, and one hour
later the osmolality of the supernate was measured. Three
additional such samples were placed in empty tared weigh-
ing bottles for determination of H20 content. Osmolality
of brain was determined from the measurements of freez-
ing-point depression and H20 content of these samples,
as previously described [10].
The other 11/2 cerebral hemispheres of the brain were
placed in a humid chamber where the gray and white
matter were separated by blunt dissection. Three samples
of both gray and white matter of the brain, each weighing
approximately 0.5 g, were placed in tared conical flasks
and the net weights of the samples were determined by
reweighing the flasks to the nearest 0.1 mg. After being
dried in an oven at 105°C for 48 hours, the flasks were
again weighed to determine the H20 content of the samples.
Each sample was then extracted for 24 hours in 0.75 N
HNO3, and the concentrations of Na, K and C1 were
were determined in the supernatant [20]. Three additional
samples of gray and white matter, each weighing about
0.3 g, were placed in tared homogenizer tubes and weighed
to the nearest 0.1 mg. Three grams of 3% trichloracetic
acid was added to each tube, the samples were homogenized
by hand, and then centrifuged for 1 hour. The supernatant
was used for measurement of urea and creatinine concen-
trations and for 35S04 activity (see following). The C1
space of the cerebral cortex was determined relative to
CSF, and the 35S04 spaces of the cerebral cortex and sub-
cortical white matter were determined relative to plasma.
Chloride space was determined as described by Davson [21],
while 35S04 space was measured according to Levin, Arieff
and Kleeman [22]. We found that a single intravenously
administered injection of 250 j.iCi of 35S04 (New England
Nuclear) in our uremic animals produced adequate tissue
levels of radioactivity in brain after 3 hours of equilibration.
For counting, 3 samples, 0.5 ml each, of the trichloroacetic
acid extracts were added to 10 ml of Aquasol® (New Eng-
land Nuclear) in a counting vial (Packard). The samples
were counted with 70% efficiency in a liquid scintillation
counter (Nuclear Chicago).
Results
The results from all studies are presented in Tables 1
through 4 and Figs. I through 4. In the normal dogs, both
the concentration of urea and the osmolality in plasma,
CSF and cerebral cortex were not different (Fig. 1). The
Na K , and Cl concentrations that we found in brain
of normal dogs are similar to those reported by other
investigators [7]. The calculated osmolality of the cerebral
cortex, estimated by the addition of the concentrations of
Na+, K+, Cl and urea, was 65 mOsm/kg of H20 less than
the measured osmotic activity (Table 3). This difference is
most likely due to other osmotically active solutes present
in the brain, including proteins and other organic anions [23].
Uremic animals. Following the ligation of both ureters,
the concentrations of creatinine and urea increased in
plasma, CSF and cerebral cortex. Plasma urea concentra-
tion rose from 4.9±0.2 to 72.1± 5.0 mmoles/liter (± SE),
and the concentration of urea in CSF (71.4 mrnoles/liter)
and cerebral cortex (72.5mmoles/kg of H20) was not
different from that of plasma (Fig. 1). The elevation in the
concentration of urea in these 3 compartments resulted in
a rise in their osmolality, and the osmotic activity of the
plasma, CSF and brain were similar (Fig. 1). Osmolality
of the cerebral cortex increased by only 46 mOsm/kg of
H20 despite a greater rise in the concentration of urea
(66 mmoles/kg of H20); this difference is largely due to
the fall in the concentrations of Nat, K and Cl after
the induction of uremia (Table 3). In plasma, the concen-
trations of Na and C1 decreased and that of K in-
creased; in the CSF, only a mild fall in the concentration
of Na+ was noted. The mean arterial pH was 7.24, a value
significantly lower than that of normal dogs (P<0.0l),
while the pH in the CSF was unaltered by the uremic
state. The arterial P02 was 78±5mm Hg, a value not
different from the value of 82±4 mm Hg found in normal
dogs. There was a small but insignificant increase in the
H20 content of the cerebral cortex. The changes in H20
content and concentration of electrolytes and urea in the
white matter were similar to those noted in the gray matter
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pH H P02 Hcos Glucose
mpmoles/ mm milli- millimoles/
Before Alter Before After Before Alter liter Hg moles! liter
11Db HD HD HD RD HD liter
Normal dogs, N= 10
4.9 — 0.8 — 304 — 147 4.08 115 7.34 45.6 34 20.5 6.8
— — — —
Uremic controls, N= 8
72.1 — 11.7 — 349 — 130 7.04 87 7.24 57.9 35 14.5 7.0
— — — —
SIowHD, N=6
71.1 23.9 11.6 5.3 346 304 139 4.26 105 7.35 44.6 36 20.6 8.4
+4.8 ±2.7 ±0.4 ±0.6 ±4 ±4 ±2 ±0.36 ±2 — ±5.5 ±1 ±2.4 ±0.3
Rapid HD, N= 6
68.6 25.2 12.1 5.1 345 306 138 3.76 104 7.31 48.8 35 17.0 9.0
±2.2 ±1.6 ±0.7 ±0.3 ±2 ±2 ±1 ±0.21 ±2 — ±4.1 ±2 ±1.1 ±1.3
Rapid HD, dialysate urea concentration= 68 mss, N= 4
68.9 67.9 10.9 4.1 355 355 136 3.64 100 7.38 41.8 37 21.6 8.7
±5.0 ±5.0 ±0.9 ±0.8 ±9 ±9 ±1 ±0.10 ±1 — ±1.9 ±3 ±1.6 ±1.6
Rapid HD, dialysate Na= 168 mEq/Iiter, N= 4
73.2 26.1 11.1 4.9 336 336 151 3.44 126 7.40 39.6 35 21.5 8.2
±2.5 ±1.1 ±0.6 ±0.3 ±4 ±4 ±2 ±0.15 ±2 — ±3.7 ±3 ±1.1 ±1.0
Rapid HD, normal dogs, N= 3
4.9 2.8 0.8 0.3 306 300 140 2.90 108 7.35 44.8 39 21.3 9.4
±0.2 ±1.0 ±0.1 ±0 ±5 ±5 ±3 ±0.26 ±1 — ±2.2 ±1 ±0.8 ±2.3
a All values are mean ± SCM. Values for Na+, K+, CI, pH, H+, P0, Hco and glucose in all groups except the normal dogs and
uremic controls were obtained after HD.
b HD= hemodialysis.
Table 2. Effects of uremia, slow hemodialysis (HD) and rapid hemodialysis on the composition of cerebrospinal fluida
Urea Creatinine Osmolality Na K
millimoles/ mg/lOO ml mOsm/kg .
liter mEq/ liter
Before Alter
C1 pH H P0, Ho5 Glucose
mpmoles/
liter




Normal dogs, N= 10
4.1 0.6 304 — 153 3.08 131 7.28 52.7 41 17.7 4.0
±0.4 ±0 ±2 — ±1 ±0.07 ±1 — ±1.8 ±1 ±0.7 ±0.4
Uremic controls, N= 8
71.4 3.0 353 — 140 3.06 118 7.31 49.3 42 18.8 5.1
±4.6 ±0.3 ±7 — ±4 ±0 ±4 — ±2.0 ±1 ±0.9 ±0.7
Slow HDb, N=6
37.5 2.2 350 318 138 3.10 122 7.30 49.6 40 18.9 4.5
+3.0 +0.2 +5 +4 +1 +0.23 +4 — +5.5 +3 +1.7 +0.5
Rapid HDb, N= 6
43.6 3.3 357 322 138 3.10 116 7.12 75.3 58 16.4 4.9
±6.4 ±0.5 ±8 ±6 ±1 ±0.33 ±3 — ±6.3 ±3 ±1.1 ±0.3
Rapid HD, dialysate urea concentration= 68 mMb, N= 4
67.1 — — 361 142 2.72 123 — — — — 4.4
±1.8 — — ±10 ±3 ±0.15 ±5 — — — — ±0.3
Rapid HD, dialysate Na concentration= 168 mEq/literb, N= 4
43.9 — — 339 145 3.04 129 — — — — 4.6
±2.3 — — ±5 ±2 ±0.10 ±4 — — — — ±0.4
Rapid HD, normal dogsb, N= 3
3.2 — 302 — 149 2.93 124 7.35 45.4 40 20.6 4.2
±1.1 — ±2 — ±2 ±0.07 ±1 — ±0.3 ±2 ±0.7 ±0.8
a All values are mean ± SEM.
b After HD.
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Table 3. Effects of uremia, slow hemodialysis (HD) and rapid hemodialysis on the composition of the cortical gray matter of the brain a
Urea Creatinine Osmolality Osmoles/ H20 H20 Cl 35S04 Na K+ Cl Na K C1
millimoles/ mg/100 g H20 mOsm/ mOsm/ g/100 g g/100 g space space
kgof H20 kg of H20 kgofdry wt of wet wt of dry wt % % mEq/kg of 1120 mEq/kg of dry wt
Normaldogs, N= 10
6.0 1.5 305 1242 80.20 407 29.4 4.0 66.9 122 44.8 267 484 172
+0.8 +0.2 +5 +34 +0.36 +10 +1.0 +0.3 +1.6 +1 +1.0 +6 +12 +3
Uremic controls, N= 8
72.5 4.6 351 1548 80.32 408 26.7 4.7 57.0 110 37.1 238 461 158
±3.9 ±0.7 ±10 ±20 ±0.37 ±10 ±1.7 ±0.5 ±1.6 ±2 ±2 ±9 ±11 ±8
Slow HD", N=6
30.9 3.2 306 1224 80.37 409 25.0 5.4 59.0 107 39.5 232 437 162
±2.6 ±0.3 ±8 ±48 ±0.25 ±6 ±0.4 ±0.3 ±1.9±4 ±0.7 ±6±15 ±4
Rapid HDb, N= 6
32.9 3.4 332 1533 82.19 463 28.2 8.0 61.6 100 37.9 276 447 180
+4.6 +0.2 +7 +27 +0.50 +15 +1.3 +1.0 +2.3 +3 +0.8 +11 +9 +9
Rapid HD, dialysate urea concentration= 68 mMb, N=4
78.8 3.3 383 1662 81.25 434 27.3 5.7 63.4 114 41.2 275 493 179
+5.0 +0.4 +14 +72 +0.12 +3 +0.9 +0.4 +1.4 +2 +0.3 +7 +7 +2
Rapid HD, dialysate Na concentration= 168 mEq/literb, N=4
31.7 — 363 1436 79.78 396 32.3 6.3 76.8 123 52.5 305 473 208
+0.7 — +1 +41 +0.40 +10 +1.1 +0.8 +3.0 +3 +3.4 +20+13 +15
Rapid HD, normal dogsb, N= 3
4.2 — 309 1280 80.56 415 30.2 — 64.8 121 46.3 268 500 192
+0.5 — +7 +35 +0.26 +7 +1.0 — +1.8 +1 +1.6 +5 +6 +4
a All values are mean ± SEM.
b After HD.
Table 4. Effects of uremia, slow hemodialysis (HD) and rapid hemodialysis on the composition of subcortical white matter of the brains
Urea H20 H20 3SO4
miiimoles/ g/100 g g/100 g Space
kg of H20 of wet wt of dry wt
Na K Cl- Na K Ci
mEq1kg of H20 m Eq/kg of dry wt
Normal dogs, N= 10
5.7 69.09 225 2.5 70.7 117 50.8 164 266 121
±0.5 ±0.57 ±6 ±0.2 ±1.4 ±2 ±1.6 ±7 ±8 ±6
Uremic controls, N= 8
65.9 68.91 222 4.6 65.9 113 42.3 154 254 108
±1.9 ±0.57 ±6 ±0.4 ±1.9 ±2 ±2.3 ±3 ±7 ±6
Slow HDb, N=6
35.4 70.16 236 2.9 63.7 104 41.0 155 253 99.6
±3.2 ±0.59 ±7 ±0.3 ±1.7 ±3 ±0.5 ±5 ±9 ±3.8
Rapid HDb, N= 6
38.9 71.16 247 8.5 64.5 104 41.3 165 255 106
±4.3 ±0.46 ±6 ±1.7 ±0.9 ±2 ±1.8 ±5 ±5 ±4
Rapid HD, dialysate urea concentrationb = 68 mid, N= 4
90 68.08 214 6.6 75.8 115 47.7 162 246 102
±14 ±0.30 ±3 ±0.7 ±1.2 ±2 ±1.5 ±5 ±7 ±5
Rapid HD, dialysate Na concentration= 168 mEq/literb, N= 4
38.8 68.14 214 5.5 78.4 110 50.6 168 236 108
±1.6 ±0.36 ±3 ±0.6 ±1.1 ±2 ±1.6 ±3 ±2 ±5
Rapid HDb, normal dogs, N= 3
5.5 68.60 219 — 76.6 122 51.6 167 266 113
±1.1 ±0.48 ±5 — ±0.4 ±2 ±1.5 ±3 ±7 ±1
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(Table 4). The mean arterial blood pressure was 117±
7 mm Hg, a value not different from that of normal
animals (109±3 mm Hg).
Uremic dogs treated with slow hemodialysis. Fig. 2 depicts
the changes in the concentration of urea in plasma, CSF
and cerebral cortex during slow hemodialysis. The con-
centration of urea in plasma fell from 71.1±4.8 to
23.9± 2.7 mmoles/liter, and that of creatinine from
11.6±0.4 to 5.3±0.6mg/lOOmI. In the CSF, urea con-
centration fell to 37.5± 3.0 mmoles/liter, and in cerebral
cortex the urea concentration at the end of dialysis was
30.9± 2.6 mmoles/kg of H20. The concentration of Nat,
K and C1 in plasma and CSF approached that of the
dialysate while the concentration of these electrolytes in
Plasma CSF Brain tissue
N
Fig. 1 Comparison of osmolalily and urea concentration of CSF,
plasma and brain (cerebral cortex) in normal and uremic animals.
Both urea concentration and osmolality in the three compart-
ments are not significantly different in normal and uremic dogs.
Fig. 2. The effect of slow and rapid hemodialysis (HD) on the
concentration of urea in plasma, CSF and brain (cerebral cortex).
In uremic dogs urea concentration is the same in CSF, plasma
and brain. After treatment with either slow or rapid HD, the
difference between brain and plasma urea concentrations is
only 7 to 8 mmoles/kg H20. The CSF urea concentration, how-
ever, is significantly higher (P< 0.01) than that of plasma after
either slow or rapid HD.
Fig. 3. The osmolality of CSF, plasma and brain (cerebral cortex)
after slow and rapid hemodialysis (HD). The osmolality of CSF
is significantly higher than that of plasma after either slow or
rapid RD. The osmolality of brain is virtually the same as that
of plasma after slow HD, but it is significantly higher after rapid
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Fig. 4. The osmole and H20 content in brain of normal and
uremic dogs and of those treated with slow and rapid hemodialysis
(HD).
cerebral cortex remained similar to those observed in
uremic dogs. Arterial pH increased toward normal and
the pH of CSF did not change. The arterial P02 was
74±5 mm Hg, a value not different from that of uremic
animals. The osmolality of plasma fell from 346± 4 to
304± 4 mOsm/kg of H20, while that of CSF decreased
from 350±5 to 318± 4 mOsm/kg. The difference between
the osmolalities of plasma and CSF at the end of dialysis
is primarily due to the smaller decrease in the concentration
of urea in the CSF than in plasma (Fig. 2). This osmotic
gradient probably resulted in movement of H20 from
plasma into CSF and caused the elevation in CSF pressure
from 6 to 22 cm of H20. The osmolality of the cerebral
cortex at the end of the dialysis was 306±8 mOsm/kg of
H20, a value not different from that of plasma (Fig. 3),
and there was no gross evidence of brain swelling. Further-
more, the water content of the gray matter was not different
from that observed in the uremic dogs which were not
treated with dialysis (Fig. 4).
Uremic dogs treated with rapid hemodialysis. This proce-
dure produced a similar fall in the plasma concentration of
urea and creatinine as did the slow dialysis (Table 1). The
concentration of urea in plasma fell from 68.6± 2.2 to
25.2± 1.6 mmoles/liter, and in CSF to 43.6± 6.4 mmoles/
liter, while the concentration of urea in cerebral cortex was
32.9± 4.6 mmoles/kg of H20 (Fig. 2). Again, the concen-
trations of Nat, K and Cl in plasma and CSF ap-
proached that of the dialysate, and the concentrations of
these electrolytes in the cerebral cortex were not signifi-
cantly different from those observed in uremic dogs or in
animals treated with slow hemodialysis (Table 3). Arterial
pH had increased towards normal at the end of dialysis,
but there was a highly significant decrease (P< 0.01) in the
pH of the CSF from 7.31 to 7.12 and an increase in P02 of
CSF from 42 to 58mm Hg (P<0.01). Arterial P02
(71 3 mm Hg) was not different from that observed in the
uremic animals, or those treated with slow hemodialysis.
The decrease in plasma osmolality was similar to that ob-
served when dogs were treated with slow hemodialysis but,
again, the osmolality of CSF at the end of rapid hemo-
dialysis was higher than that of plasma by 16 mOsm/kg of
H20 (Fig. 3); there was also an increase in the CSF pres-
sure from 5 to 28 cm of H20. The mean systemic arterial
pressure was maintained constant during both slow and
rapid hemodialysis by continuous infusion of 0.9% NaCI.
Despite the finding that the concentration of urea in
brain at the end of rapid hemodialysis was similar to that
observed at the end of slow hemodialysis (Fig. 2), the
osmolality of the brain was significantly higher (P<0.01)
at the end of rapid hemodialysis (332±7 mOsm/kg H20)
than that at the end of slow hemodialysis (306±8 mOsm/kg
H20) (Fig. 3). This striking difference could not be accounted
for by variations in the concentrations of Nat, K+, Cl
and urea. The calculated osmolality of the cerebral cortex,
estimated by the addition of the concentrations of Nat,
K , Cl— and urea, was 100 mOsm/kg of H20 less than the
measured osmotic activity (Table 3). Since in the brain of
normal dogs these two measurements differ only by
65 mOsm/kg of H20 and in the brain of the uremic dogs
by 74 mOsm/kg of H20, it appears that rapid hemodialysis
of the uremic dogs resulted in the accumulation in brain
of additional osmotically active solutes equivalent to 26 to
35 mOsm/kg of H20, so that brain osmole content did not
change (Fig. 4).
Apparently, the large osmotic gradient of 26 mOsm/kg
of H20 between plasma and brain at the end of rapid
hemodialysis was associated with a net movement of H20
into the brain, since the water content of the gray matter
(463±15 g/100 g of dry wt) was significantly higher (P< 0.01)
than that observed in either normal dogs, uremic dogs, or
uremic dogs treated with slow hemodialysis (Fig. 4). Simi-
lar changes in H20 content were also present in the white
matter (Table 4). These changes represent increments in
brain H20 content of 11 to 14% in gray and white matter,
respectively, and were associated with gross swelling of the
brain.
Uremic dogs treated with rapid hemodialysis utilizing dial-
ysate containing urea (68 mmoles/liter). After dialysis the
CSF pressure was normal and there was no visible evidence
of brain edema in 3 of 4 animals; in the fourth, the brain
showed gross swelling and the CSF pressure was elevated
to 31 cm of H20. The concentrations of Nat, K and C1
and the content of Na+ and C1 in cerebral cortex were
higher than values observed in nondialyzed uremic dogs.
Plasma osmolality did not change, but the osmolality
of the brain was higher by 28 mOsm/kg of H20 than that
of the plasma. This difference could be largely accounted
for by the change in the concentrations of Na+, K+, C1
and urea in brain. This difference in osmolality was as-
sociated with a small but significant (P< 0.05) increase in
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water content of the cerebral cortex when compared with
observations in nondialyzed uremic dogs (Table 3).
Uremic dogs treated with rapid hemodialysis utilizing
dialysate containing 168 mEq/liter of sodium. At the end of
dialysis, the CSF pressure was normal in all animals (6 cm
of H20), and there was no evidence of brain swelling. The
concentrations of Na+, K and C1, and the content of Na
and Cl, were significantly higher, and the urea concentra-
tion significantly lower, than those seen in the brain of
either the nondialyzed uremic dogs or in the uremic animals
treated with dialysate of high urea concentration. Again,
plasma osmolality did not change but the osmolality of the
brain was higher by 27 mOsm/kg of H20 than that of
plasma. This difference could not be completely explained
by changes in the concentrations of Na+, K, C1 and
urea. The H20 content of brain was not significantly
different from that of uremic animals (Tables 3 and 4).
Normal dogs treated with rapid hemodialysis. This proce-
dure did not cause any significant alteration in the bio-
chemical findings in plasma, CSF and brain (Tables 1
through 4).
The brain sulfate space relative to plasma in the normal
animals was 4.0% in gray matter and 2.5% in white matter.
Both in the uremic animals and in those treated with slow
hemodialysis, there was a small increase in this space.
However, rapid hemodialysis of the uremic dogs with
normal dialysate or with dialysate containing high con-
centrations of either urea or NaC1 resulted in a marked
and significant increase in the sulfate space, both in gray
matter and, to a lesser extent, in white matter (Tables 3
through 4). This finding, in the absence of a comparable
change in the chloride space (Table 3), suggests that an in-
creased amount of sulfate may have entered the cellular
components of the brain. In addition, a significant increase
in the content of Na and C1 in the gray matter occurred
in all uremic animals treated with rapid hemodialysis,
whether the dialysate was a standard one, or contained a
high concentration of Na+ or urea (Table 3); this increase
suggests some alterations in membrane permeability to
these electrolytes.
Discussion
Our results demonstrate that the rapid lowering of plasma
urea concentration by about 43 mmoles/liter in uremic
animals is associated with brain edema, as evidenced by
gross brain swelling and increased brain water content
of both gray and white matter, and that a similar but
slower reduction in plasma urea concentration is not
associated with brain edema. Data reported by other in-
vestigators [7], as well as our present results, show that
during hemodialysis the fall of urea concentration in the
cerebral cortex and CSF may lag behind that in plasma.
Others have suggested that the osmotic gradient created
by the difference in urea concentration in plasma and
cerebral cortex is probably the main cause for brain edema
after rapid hemodialysis [3, 5, 7].
Several aspects of the present study indicate that the lag
in the removal of urea from the brain cannot account for
the development of brain edema during rapid hemodialysis:
1) The fall in the concentration of urea in brain lagged
behind that of plasma during both rapid and slow hemo-
dialysis. 2) At the end of rapid hemodialysis, the concentra-
tions of urea in cerebral cortex and in plasma were not
different from values observed at the completion of slow
hemodialysis (Fig. 2), which indicates that the difference
in the concentration of urea between these two compart-
ments cannot be the only osmotic force leading to increased
water content of brain during rapid hemodialysis. 3) The
osmotic gradient due to the difference in urea concentra-
tion between brain and plasma is far less than that shown
to cause brain edema [11]. 4) Finally, the osmolality of the
brain at the end of rapid hemodialysis was significantly
higher than that noted at the end of slow hemodialysis
(Fig. 3) and this difference could not be attributed to urea
concentration.
Alterations in the concentrations of Na, K and C1,
however, also could not account for the difference in the
osmolality of brain between animals treated with rapid
versus slow hemodialysis. Our results suggest that during
rapid hemodialysis with standard dialysate, new osmotically
active solute (idiogenic osmoles) is present in brain,
creating an osmotic gradient of 26 mOsm/kg of H2O or
more between brain and plasma, and that these idiogenic
osmoles are largely responsible for the shift of H2O into
the brain and the development of brain edema.
Although the concentrations of urea, Na+, K and Cl
in the brain of dogs treated with rapid hemodialysis did
not differ from those in dogs who received slow hemo-
dialysis, the contents of these solutes were higher by a total
of 96 mmoles/kg of dry weight (Table 3). This suggests that
had the brain water content not increased in the former
group of animals, the concentrations of these solutes, and,
hence, the brain-to-plasma osmotic gradient, might have
been higher in the animals treated with rapid hemodialysis.
Under such circumstances, the osmotic gradient between
plasma and brain could have been as high as 48 mOsm/kg of
H2O. Thus, the concentrations of urea, Na+, K+ and C1
might have contributed partly to the brain-to-plasma
osmotic gradient observed after rapid hemodialysis. How-
ever, the osmotic contributions of these substances could
not have been the main driving force for the movement of
H2O into brain.
The nature of the idiogenic osmoles and the mechanisms
responsible for their formation are not clear. Several in-
vestigators have reported data suggesting that a change in
osmotic activity which could not be explained by changes
in solute or H20 content can occur in the cells of various
organs, including the brain [24—27]. These observations
suggest that osmotically active solutes can either be gen-
erated or inactivated as a result of certain experimental or
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clinical conditions. Rapid hemodialysis, per Se, is probably
not responsible for the generation of the idiogenic osmoles
since rapid hemodialysis in normal dogs was not associated
with the formation of such osmoles (Table 3). This phe-
nomenon must therefore be related in some way to rapid
hemodialysis of uremic animals.
It is of interest that during rapid hemodialysis of uremic
animals the pH of CSF fell markedly and Pco2 increased
significantly, while plasma pH rose and plasma P02 was
unaltered (Tables 1 and 2). Cowie, Lambie and Robson
reported similar changes in CSF pH in some of their
patients treated with hemodialysis (28]. In contrast, patients
with marked chronic alterations of systemic acid-base con-
centrations usually have a normal pH in CSF [29]. There
are at least two possible mechanisms for the observed in-
crease in CSF H concentration. Perhaps the increase
in intracranial pressure which occurred following rapid
hemodialysis resulted in decreased perfusion of certain
areas of the brain, and thereby led to an increase in P02
of these areas of brain and, secondarily, in the CSF. It may
also be that the fall in the pH of the CSF reflects an increase
in the H+ concentration of brain cells secondary to in-
creased formation of organic acids, which subsequently,
enter the CSF and produce a fall in its pH. The small but
significant (P< 0.001) fall in CSF bicarbonate concentra-
tion after rapid hemodialysis (Table 2) is consistent with
such a postulate. An increase in organic acid concentration
in brain could partly account for the idiogenic osmoles,
but this postulate remains speculative, since we did not
measure the intracellular pH of brain.
It is also possible that the genesis of the idiogenic
osmoles is related to a change in the intracellular binding
of Na or K [27] and that the release of these intra-
cellularly bound cations is caused by their displacement
from binding sites by ammonium ions [30]. The ammonium
ion may leave or reattach to these binding sites after intra-
conversion between glutamine and glutamic acid. An in-
crease in the concentration of glutamic (pKa1 2.10) acid
in cerebral cortex could cause a loss of H+ from brain
into CSF.
The data on the Cl and sulphate space of the brain
during rapid hemodialysis are of interest. While the Cl —
space is felt to be a close approximation of true extra-
cellular space of brain [311, the sulphate space relative to
plasma does not represent the functional extracellular
space of brain [22]. However, the ratio of brain 35S04
activity/plasma 35S04 activity is relatively constant under
a wide variety of experimental conditions [22]. The increase
in 35S04 space without changes in chloride space in the
studies with rapid hemodialysis, therefore, could be inter-
preted to indicate an alteration in permeability of brain
cell membranes. The increase in the content of Na and Cl
in the brain after rapid hemodialysis could be due in part
to such change in the permeability of the brain cells.
We found that a significant rise in CSF pressure occurred
with both slow and rapid hemodialysis, but brain swelling
and seizures developed only in animals treated with rapid
hemodialysis. Thus, neurological manifestations following
rapid hemodialysis seem to be unrelated to changes in
CSF pressure, per se, but are probably due to an associated
brain edema. Although the clinical manifestations and
electroencephalographic changes of dialysis disequilibrium
syndrome in man have been attributed to a rise in CSF
pressure [3, 4], we postulate that brain edema may have
developed in these patients as well. The observations of
Wakim [32] that the electroencephalographic changes ob-
served during rapid hemodialysis could not be prevented by
abolishing, or induced by elevating, the CSF pressure are
consistent with this postulate.
Marked hyponatremia is associated with various neuro-
logical and electroencephalographic findings which may be
similar to those seen in dialysis disequlibrium syndrome (33].
Wakim induced in dogs a syndrome similar to dialysis
disequilibrium during dialysis with dialysate containing
Na in a concentration of 30 mEq/liter; in these animals
the concentration of Na in plasma fell to 70 mEq/liter
at the end of the dialytic procedure [13]. This phenomenon
led Wakim to suggest that the dialysis disequilibrium syn-
drome is due to hyponatremia or to a fall in the concentra-
tion of Na in brain, or both. Our data do not support this
hypothesis. In our study, in those uremic animals which
did not have clinical neurological abnormalities or bio-
chemical evidence of cerebral edema, the concentration of
Nat, both in plasma and in brain water, was slightly less
than in normal dogs (Tables I and 3). During rapid hemo-
dialysis with development of brain edema, the concentra-
tion of Na+ in plasma returned towards normal and that
in brain water did not change. The data of Pappius et al [7]
are in agreement with our results and further demonstrate
that the occurrence of brain edema in experimental animals
with dialysis disequilibrium syndrome is probably not re-
lated to changes in the concentration of Na+ in plasma
or brain.
Several investigators have suggested that dialysis dis-
equilibrium syndrome in man may be due to hypoglyce-
mia [32]. Our results do not provide support for such a
possibility. The concentration of glucose in plasma and
CSF of all animals was either normal or elevated (Tables I
and 2). Although we did not measure the concentration
of glucose in brain, we have on other occasions observed
in our laboratory that the concentration of glucose in
brain closely parallels that of CSF [34].
Efforts to prevent dialysis disequilibrium syndrome in
man have usually involved the addition of urea, NaCI,
fructose, glucose or other osmotically active solutes to the
dialysate [12, 14, 15, 32]. However, such an approach has
been successful only on occasion in preventing dialysis
disequilibrium [35]. We found that maintaining the plasma
osmolality constant with either a high concentration of
urea or NaCl dialysate prevented the development of both
brain edema and increased CSF pressure in 7 of 8 animals.
However, the osmolality of the brain increased to an
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average of 28 mOsm/kg higher than that of plasma in
these animals, and a small but significant net movement
of water into brain occurred in the dogs treated with a
dialysate of high urea concentration (Tables 1 and 3).
Apparently, rapid hemodialysis with a standard dialysate
or a dialysate containing a high concentration of Na+ or
urea may produce deleterious effects. Systemic hyper-
natremia and hypercloremia (Table 1), with significant in-
creases in cerebral cortex Na+ and Cl content, developed
in the animals treated with dialysate high in NaCI con-
centration (Table 3). These changes in brain osmolality
and electrolyte concentrations may have adverse effects if
they are maintained for a longer period of time or if they
occur repetitively with each dialysis. Also, hypernatremia
with hyperosmolality has been shown to adversely effect
central nervous system and cardiovascular function [36]
and to worsen systemic hypertension [37]. The use of
dialysate of high urea concentration during rapid hemo-
dialysis has a limited effect; first, it is only partially effec-
tive in preventing the increase in H20 content of brain,
and, second, it could not be utilized repeatedly, since such
a repetitive use will result in a continuous rise in plasma
urea concentration with all the toxic consequences [38].
Since slow hemodialysis with standard dialysate was not
associated with either brain edema or a fall in the CSF pH
(Tables 2 through 4), these abnormalities can probably
best be prevented at the present time by avoiding rapid
hemodialysis in the treatment of uremia.
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